Aim: To evaluate the anti-effects of anisodamine and neostigmine in animal models of endotoxic and hemorrhagic shock. Methods: Kunming mice were injected with lipopolysaccharide (LPS 30 mg/kg, ip) to induce endotoxic shock. Anisodamine (12.5, 25, and 50 mg/kg, ip) and neostigmine (12.5, 25, and 50 μg/kg, ip) were administered immediately after LPS injection. Survival rate was monitored, and the serum levels of TNF-α and IL-1β were analyzed using ELISA assays. The effects of anisodamine and neostigmine were also examined in α7 nicotinic acetylcholine receptor (α7 nAChR) knockout mice with endotoxic shock and in Beagle dogs with hemorrhagic shock. Results: In mice with experimental endotoxemia, combined administration of anisodamine and neostigmine significantly increased the survival rate and decreased the serum levels of inflammatory cytokines, as compared to those produced by either drug alone. The antishock effect of combined anisodamine and neostigmine was abolished in α7 nAChR knockout mice. On the other hand, intravenous injection of the combined anisodamine and neostigmine, or the selective α7 nAChR agonist PNU282987 exerted similar anti-shock effects in dogs with hemorrhagic shock.
Introduction
Anisodamine (6-[s] hydroxyhyoscyamine) is a naturally occurring tropane alkaloid found in some plants within the Solanaceae family [1] . It is an anticholinergic drug that does not cross into the central nervous system and is widely used clinically in China for various types of shock, especially septic shock [2, 3] . The mechanisms of anisodamine's beneficial effects on septic shock are mainly attributed to its amelioration of blood flow in the microcirculation. However, the molecular mechanisms of these effects remain unclear [4, 5] . Recently, a study conducted in this laboratory demonstrated that the anti-shock effects of anisodamine occur mainly via activation of the α7 nicotinic acetylcholine receptor (α7nAChR) [6] . The central nervous system regulates the production of proinflammatory cytokines through the efferent vagus nerve, termed the "cholinergic anti-inflammatory pathway" [7, 8] . Acetylcholine, the principal neurotransmitter of the vagus nerve, inhibits the production of proinflammatory cytokines from endotoxin-stimulated macrophages through the α7nAChR [9] [10] [11] . Studies have shown that activation of the α7nAChR-dependent cholinergic anti-inflammatory pathway can control the production of proinflammatory cytokines in experimental models of endotoxic shock and hemorrhagic shock [12, 13] . Our previous studies have shown that anisodamine blocks muscarinic receptors and promotes increased endogenous acetylcholine binding to the α7nAChR [6] . To produce therapeutic effects, a very large dose of anisodamine must be administered. Neostigmine is a cholinesterase inhibitor that increases endogenous acetylcholine. It is reasonable to speculate that combining anisodamine and neostigmine could augment anti-shock efficacy through activation of the α7nAChR-dependent cholinergic anti-inflammatory pathway. In addition, the side effects of neostigmine may be antagonized by blocking muscarinic receptors. To test this 
Hemorrhagic shock model
Hemorrhagic shock was induced according to a protocol by Bruegger and colleagues [14] . Briefly, animals were anesthetized with sodium pentobarbital (30 mg/kg, iv), and an endotracheal tube was inserted to maintain normocapnia. A 16-gauge Teflon arterial catheter was inserted into the femoral artery for bloodletting to induce hemorrhagic shock and to measure mean arterial blood (MAP). A polyethylene tube was placed into the femoral vein for drug delivery. After completing the surgical preparation, a 30-min stabilization period began. Subsequently, hemorrhagic shock was initiated by stepwise withdrawal of blood from the femoral artery. MAP was reduced to 45 mmHg within 15 min. This blood pressure was maintained for 30 min by re-infusing heparinized blood with an automated device. Sham hemorrhagic-shock dogs underwent all surgical procedures without bleeding.
Effects of combining anisodamine/neostigmine on survival rate in LPS-induced shock mice Mice received 30 mg/kg LPS (ip), followed by saline, anisodamine (12.5-50 mg/kg, ip, n=20 per group), neostigmine (12.5-50 μg/kg, ip, n=20 per group) or a combination of anisodamine and neostigmine (n=20 per group). In another set of experiments, the mice were challenged with LPS (30 mg/kg, ip), followed by saline or anisodamine/neostigmine combined (25 mg/kg and 25 μg/kg, ip, n=20 per group) at 0, 3, and 6 h. Survival rate was monitored for 72 h. During the observation period, the animals were maintained at 22 °C on a 12-h light/dark cycle and had free access to water and a standard diet.
Effects of combining anisodamine/neostigmine on serum cytokines in LPS-induced shock mice Blood was collected 90 min after the LPS challenge for the TNF-α assay and at 4 h after LPS for the IL-1β assay. Serum TNF-α/IL-1β levels were determined using standard ELISA assays (R&D Systems, Minneapolis, MN, USA).
Effects of combining anisodamine/neostigmine on survival rate in α7nAChR knockout mice challenged with LPS The genotypes of the animals were confirmed by polymerase chain reaction (PCR) according to a protocol by Jackson Laboratory ( Figure 1 ). α7nAChR knockout mice or wild-type controls (10 weeks of age) received LPS (20 mg/kg, ip), followed by saline or anisodamine/neostigmine combined (25 mg/kg and 25 μg/kg, ip, n=15). Survival rate was monitored for 72 h.
Effects of combining anisodamine/neostigmine on serum TNF-α in hemorrhagic shock dogs Beagle dogs were subjected to hemorrhagic shock and then received saline, anisodamine (2.63 mg/kg, iv) plus neostigmine (5.25 µg/kg, iv), or PNU282987 (a selective α7nAChR agonist, 3.37 mg/kg, iv) (n=6). A separate group of dogs (n=6) receiving sham operations were also included for comparison. Blood was collected 20 min after the drug treatment for the TNF-α assay.
Effects of combining anisodamine/neostigmine on hepatic injury in hemorrhagic shock dogs Liver tissue specimens were collected at the end of Experiment 4, rinsed with saline, fixed in 4% paraformaldehyde for 24 h, and embedded in paraffin. Tissue sections (2 μm) were stained with hematoxylin and eosin (H&E) using a routine protocol, and examined under a light microscope [15] .
Effects of combining anisodamine/neostigmine on hemodynamics and survival rate in hemorrhagic shock dogs Beagle dogs were subjected to hemorrhagic shock and then received saline, anisodamine (2.63 mg/kg, iv) plus neostigmine (5.25 µg/kg, iv), or PNU282987 (3.37 mg/kg, iv) (n=6). A separate group of dogs (n=6) receiving sham operations were also included for comparison. Blood pressure was monitored for 60 min following drug treatment in hemorrhagic dogs. Survival rate was monitored for 2 h. MAP was only calculated over the first 60 min since death started to occur at 60 min.
Statistical analysis
Data involving two groups were analyzed with Student's t-tests. For experiments involving more than two groups, the 
Results
Effects of combining anisodamine/neostigmine on survival rate in LPS-induced shock mice In response to a lethal dose of LPS, all mice displayed decreased activity, piloerection, periocular discharge, and diarrhea. The survival rate at 72 h was 23%. Anisodamine (12.5, 25, and 50 mg/kg) increased the survival rate to 56%, 64%, 56%, respectively. Neostigmine (12.5, 25, and 50 μg/kg) increased the survival rate to 52%, 64%, and 72%, respectively. Combining anisodamine/neostigmine (12.5 mg/kg and 25 μg/kg) increased the survival rate to 83%. An increased dose of the combined treatment (25 mg/kg and 25 μg/kg) increased the survival rate to 92% (Table 1 and Figure 2 ). When given 3 and 6 h after LPS exposure, the combined treatment (25 mg/kg and 25 μg/kg) increased the survival rate to 78% and 82% ( Figure 3 ). When treatment was delayed for 12 h, no significant reduction in mortality was achieved (data not shown).
Effects of combining anisodamine/neostigmine on serum cytokine in LPS-induced shock mice Both anisodamine and neostigmine significantly decreased serum TNF-α and IL-1β in LPS-induced shock mice (P<0.05 vs saline control; Figure 4) . A combination of anisodamine and neostigmine (25 mg/kg and 25 µg/kg) further decreased serum TNF-α and IL-1β (P<0.05 vs anisodamine or neostigmine alone; Figure 4 ).
Effects of combining anisodamine/neostigmine on survival rate in α7nAChR knockout mice challenged with LPS In wild-type mice, anisodamine/neostigmine combination (25 mg/kg and 25 µg/kg) significantly increased the survival rate (90% vs 42%, P<0.01, Figure 5A ). In α7nAChR knockout mice, the combined treatment (25 mg/kg and 25 µg/kg) did not improve survival rate (38.5% vs 15.4%, P>0.05, Figure 5B ).
Effects of combining anisodamine/neostigmine on serum TNF-α in hemorrhagic shock dogs Hemorrhagic shock induced a significant increase of serum TNF-α (P<0.01 vs sham control). Anisodamine/neostigmine combination significantly decreased serum TNF-α in hemorrhagic shock dogs (P<0.01 vs saline control). PNU282987, a selective α7nAChR agonist, also decreased serum TNF-α ( Figure 6 ). Figure 7C ). PNU282987 also attenuated the hepatic injury induced by hemorrhagic shock ( Figure 7D ).
Effects of combining anisodamine/neostigmine on hemodynamics and survival rate in hemorrhagic shock dogs The combination of anisodamine and neostigmine significantly increased MAP and prolonged survival rate induced by hemorrhagic shock. PNU282987 also increased MAP and survival rate (Figure 8 ).
Discussion
The results from the current study demonstrate that the combined use of anisodamine and neostigmine is more effective than either drug alone on controlling inflammation and increased survival rate in LPS-induced shock mice. Remarkably, such treatment was effective even when given 3-6 h after LPS exposure. The combined treatment also alleviated hemorrhagic shock.
The cholinergic anti-inflammatory pathway has been increasingly implicated in inflammatory diseases, including endotoxic shock. Activation of this anti-inflammatory pathway can be achieved by the following: 1) direct stimulation of the vagus nerve [16, 17] , 2) the use of nicotine or nicotinic agonists . Effects of combining anisodamine and neostigmine on serum TNF-α in hemorrhagic shock dogs. Hemorrhagic shock was induced by gradient bloodletting until the mean arterial pressure was stabilized at 45 mmHg, followed by saline or a combination of anisodamine (2.63 mg/kg, iv) and neostigmine (5.25 µg/kg, iv) or PNU282987 (3.37 mg/kg, iv [18] [19] [20] , and 3) the use of cholinesterase inhibitors (physostigmine, galantamine) [21] [22] [23] . Our previous studies demonstrated that anisodamine could produce anti-inflammatory actions through indirectly activating the α7nAChR. Here, we examined the anti-shock effects of combining anisodamine/neostigmine and found that the combination of anisodamine and neostigmine could produce robust anti-shock effects even at small doses. Combining anisodamine/neostigmine significantly decreased serum TNF-α and IL-1β and improved the survival rate in LPS-induced shock mice. In α7nAChR knockout mice, the combined treatment did not improve the survival rate, suggesting that the beneficial effects of combining anisodamine/neostigmine on endotoxic shock is mediated primarily by the α7nAChR.
The initial presentation of endotoxic shock is often nonspecific, and its severity is concealed [24, 25] . Patients who arrive at the ICU with a seemingly benign infection can progress within hours to a devastating condition [26, 27] . A delay in the diagnosis and management of critically ill patients during the first six hours of ICU admission has been associated with higher mortality rates and increased utilization of hospital resources [28, 29] . Based on this finding, the concept of 'golden hours' is widely acknowledged [30, 31] . In the present study, we found that the combined treatment of anisodamine and neostigmine could significantly improve survival rate in animals, even 3-6 h after LPS exposure. This finding extends the window of treatment following LPS administration and may have clinical relevance. Inflammatory cytokines plays an important role in acute hypovolemic hemorrhagic shock because anti-TNF-α monoclonal antibodies could increase survival, improve hypotension, and attenuate impairment in vascular reactivity [32] . Recent studies have demonstrated that electrical stimulation of efferent vagal fibers could rapidly reverse hypotension, counteract hepatic NF-κB activation, reduce TNF-α plasma levels and improve survival rate in experimental hemorrhagic shock rats [13, 33] . Systemic administration of an acetylcholinesterase inhibitor also improves outcomes after hemorrhagic shock [22] . In our study, combining anisodamine and neostigmine markedly decreased serum TNF-α and prevented organ damage (as exemplified by the liver results presented here) induced by hemorrhagic shock. The combined treatment also improved hypotension and prolonged the survival rate in hemorrhagic shock dogs. PNU282987, a selective α7nAChR agonist, had similar effects, suggesting the involvement of the α7nAChR.
Several methods can be used to activate the cholinergic anti-inflammatory pathway. However, much work needs to be performed to successfully apply these methods in clinical practice. Anisodamine and neostigmine are both used in clinical practice. We believe that, if titrated properly and carefully, an anisodamine/neostigmine cocktail may be clinically useful.
In summary, this study demonstrated that combining anisodamine and neostigmine could increase the survival rate in a murine endotoxic shock model and a dog hemorrhagic shock model through activation of the cholinergic anti-inflammatory pathway. Our findings may have important implications toward the development of new treatment strategies for endo- 
